Background: Neoadjuvant chemoradiotherapy (CRT) is frequently performed for esophageal squamous cell carcinoma. In this study, we retrospectively assessed the standardized uptake value (SUV) of FDG-PET against decreased rates of SUV to assess the response of advanced esophageal squamous cell carcinoma patients to neoadjuvant CRT, and the correlation of this response with histopathological findings. Patients and Methods: Thirty-three patients receiving CRT followed by surgery were analyzed. Results: Using the decreased rate of maximum SUV, the sensitivity and specificity in distinguishing complete responders (CR) from non-CR patients was 63% and 44%. Using the maximum SUV before surgery, the sensitivity and specificity for distinguishing pathological CR from non-CR was 88% and 56%. Conclusions: To identify complete responders of CRT for esophageal cancer, absolute maximum SUV value is a better predictor than decreased rate of the maximum SUV.
Introduction
Many cases of esophageal squamous cell carcinoma (SCC) are detected at the advanced stage of tumor progression [1] [2] . Most patients with advanced esophageal SCC have a poor outcome when treated with surgery alone. However, evidence from locoregional esophageal cancer indicates that treatment regimens that combined neoadjuvant chemoradiotherapy (CRT) with surgical resection are associated with improved patient outcomes [3] [4] [5] [6] . Preoperative CRT has been introduced in an attempt to increase the rates of complete resection by downsizing the primary tumor, and beyond that with the goal of improving local tumor control and preventing the formation of distant metastases [7] . However, perioperative mortality and morbidity are frequent in esophageal cancer patients. On the other hand, some patients whose tumors show a good response to neoadjuvant therapy may be cured without undergoing surgery. Therefore, it is important to establish a method with the ability to predict which patients will have a partial versus those who will have a complete response. Anatomical imaging methodologies, including computed tomography (CT), magnetic resonance imaging (MRI), and endoscopic ultrasound (EUS) are frequently used to determine tumor size and thus provide some insight into a patients response to therapy [8] [9] [10] [11] . When conventional imaging methods are used to assess a patient's response to neoadjuvant therapy, it is not possible to differentiate reliably between tumor cells and inflammatory reactions, edema and scar tissue [8] . The role and potential value of positron emission tomography (PET) scanning for monitoring certain tumors have been widely investigated in recent years [12] [13] [14] . In particular, PET conjugated with 18-F-fluorodeoxyglucose (FDG) provides physiological information that enables cancers to be diagnosed on the basis of altered tissue metabolism [15] [16] . Markedly increased FDG uptake in esophageal SCC has been documented in several studies [17] [18] [19] . Generally, the relationship between a pathological response and FDG-PET imaging is discussed on the basis of a decreased rate of standardized uptake value (SUV). However, with this methodology, it is difficult to discriminate between patients with the potential for a pathologically partial versus a complete response. Therefore, in this study, we retrospectively assessed the absolute SUV of FDG-PET in comparison with the decreased rate of SUV to evaluate the response of advanced esophageal SCC to neoadjuvant CRT, and their correlation with the pathological findings.
Patients and Methods

Patients
Patients with histologically confirmed primary ESCC were eligible for this study. The inclusion criteria were a performance status less than 2, white blood cells > 3000/μL, platelets > 100,000/μL, serum total bilirubin < 2.0 mg/dL, serum transaminase < 3 times the upper normal limit, serum creatinine < 1.5 mg/dL, creatinine clearance > 60 mL/min and no prior chemotherapy or radiotherapy. The exclusion criteria included concomitant malignancies, heart disease and patients with an esophago-bronchial fistula. Between June 1999 and December 2007, 65 patients with advanced and unresectable thoracic esophageal SCCs were enrolled into this study at the Department of General Surgical Science, Gunma University Graduate School of Medicine. Patients who had carcinomas at T3 or more advanced stages, according to the TNM classification of the UICC (6 th edition), on radiologic examinations were included. Thirty-two of the 65 pa-tients were considered to have inoperable tumors due to distant organ metastasis, distant lymph node metastasis, severe organ dysfunction and rejection of surgery by the patients. The remaining 33 (27 men and 6 women) were assigned to neoadjuvant treatment followed by surgery ( [20] ). None of the patients had diabetes, and in all patients blood sugar levels were less than 110 mg/dL at the time of the PET scan. 
Neoadjuvant Treatment and Surgery
After the diagnostic procedures, the patients underwent neoadjuvant treatment for 4 weeks, consisting of concurrent radiotherapy and chemotherapy. Tumor response was assessed by CT, endoscopy, esophagography and FDG-PET 2 weeks after the end of the treatment. The external radiotherapy was delivered by a two-field technique using a 10-to 15-MV photon beam at 2 Gy per fraction per day, 5 fractions per week, to a total of 40 Gy. The concurrent chemotherapies used two type regimens (Table 1) . Seventeen patients underwent chemotherapy that consisted of 80 mg/m 2 nedaplatin administered intravenously over 3 hours on day 1, and 350 mg/m 2 5-flurouracil administered as a continuous intravenous infusion on days 1 through 5. The other 16 patients received concurrent hyperthermo-chemotherapy, which consisted of 7 mg/m 2 docetaxel administered intravenously for 1 hour before radiotherapy on days 1, 8, 15, and 22. External microwave hyperthermia was performed for 1 hour every week simultaneously with the chemotherapy using Thermotron RF-8 (Yamamoto Vinita, Osaka, Japan). All of the 33 patients underwent esophagectomy and regional lymph node dissection 4 weeks after the neoadjuvant treatment. Microscopic 0.5-cm wide sections of the whole resected esophagus and stomach were prepared, and then fixed, embedded and stained with hematoxylin and eosin. Two pathologists, who were unaware of the patients' clinical responses, then reviewed the histopathology of each of the cases.
PET Imaging
The PET images were obtained using a SET 2400W (Shimadzu Corporation, Kyoto, Japan) with a 59.5-cm transaxial field of view and a 20-cm axial field of view. This produced 63 image planes spaced 3.125 mm apart. Transaxial spatial resolution was 4.2 mm FWHM at the center of the field of view and axial resolution was 5.0 mm FWHM. A whole body image, using the simultaneous emission transmission method with a rotating external source, was initiated 40 minutes after injection of 275 -370 MBq FDG by the multiple-bed position technique. Four to five sections from head to thigh were imaged for 8 minute per section. Patients fasted for at least 4 hours before FDG-PET scanning. The FDG-PET imaging protocols were approved by the Institutional Review Board of our institute [21] and all patients gave informed consent before undergoing the examination. Attenuation-corrected transaxial images were reconstructed by the ordered subsets expectation maximization (OS-EM) algorithm into 128 × 128 matrices with pixel dimensions of 4.0 mm in-plane and 3.125 mm axially. Finally, every three consecutive slices were summated to generate a transaxial image 9.8 mm thick. This was used for visual interpretation and quantitative analysis. Similarly, coronal images 9.8 mm thick were also reconstructed from attenuation-corrected transaxial images. All PET images were evaluated qualitatively by at least two experienced nuclear medicine physicians. Functional images of SUV were also produced using the attenuation-corrected transaxial images, the amount of injected FDG, body weight, and the cross-calibration factors between PET and the dose calibrator. Thus SUV was defined as: SUV = the radioactive concentration in the tissue or lesion (MBq/g)/injected dose (MBq)/patient's body weight (g) Regions of interest (ROIs), consisting of areas 1 cm in diameter including the maximum uptake value, were drawn on the area corresponding to lesions exceeding 2 cm in diameter. If the lesion was 2 cm or smaller in diameter, the ROI was drawn over the entire lesion but the partial volume effect was not corrected. For primary lesions that were not visualized on PET imaging, the ROIs were drawn over the corresponding area using a fusion image technique combined with the CT and MRI images. Similarly, for affected regional lymph nodes that were not visualized on PET imaging, ROIs 0.6 cm in diameter were drawn on the corresponding area using the fusion image combined with CT images. A background ROI (with the same diameter as that of the lesion-based ROI) was drawn over the corresponding opposite area. If the lesion was located near the center of the body (as with the primary esophageal cancer) the background ROI was taken from a surrounding background area. The average value per pixel in the ROI used to assess the SUV was employed for semi-quantitative analysis.
PET scans were performed before and then two weeks after neoadjuvant therapy, and before the surgery.
Response Evaluation
Two weeks after the completion of treatment, the clinical response of each primary tumor was evaluated according to the criteria of the Japan Esophageal Society (JES) [22] . The assessment involved repeat EGD and CT, whereby two investigators conducted EGD, who examined the macroscopic findings of each tumor before and after treatment. All patients underwent a CT scan of the neck, chest and abdomen. Ten millimeter continuous scans were obtained from the neck to the bottom of the liver after intravenous injection of contrast medium. The endoscopic and CT results were discussed by the investigators, and the responses of the tumors were classified as follows. Target lesions (measurable lesions detected at baseline. A maximum of five lesions per organ should be identified as "target lesion"): complete response (CR), defined as the complete disappearance of all clinical evidence of existing lesions; partial response (PR), defined as a decrease in the size of the target lesion of more than 30%; progressive disease (PD), defined as an increase in target lesion size of more than 20%; or stable disease (SD), defined as an increase in tumor size of less than 20% or a decrease in target lesion size of less than 30%. Non-target lesions (any other lesions including primary site of esophagus): complete response (CR), defined as the disappearance of all non-target lesions. In addition, primary lesion must disappear on endoscopy; incomplete response/ stable disease (IR/SD), defined as the persistence of one or more non-target lesion(s). In addition, the response of primary lesion is judged as IR/SD when its response does not meet the conditions for complete response or progressive disease on endoscopy; progressive disease (PD), defined as the appearance of one or more new lesions and/or unequivocal progression in existing non-target lesion(s). In addition, the primary lesion shows distinct tumor growth or progression in esophageal stenosis compared with the best condition during treatment. Overall response was classified according to the combinations of tumor response in target and non-target lesions with or without the appearance of new lesions ( Table 2 ). The histopathological response to treatment was classified as grade 0, 1, 2 or 3 in accordance with the criteria of the JES. Briefly, the degree of viability of the residual tumor cells was assessed as follows: Grade 3, defined as histological fibrosis with or without inflammation extending through the different layers of the esophageal wall, but no viable residual tumor cells; Grade 2, defined as less than one third of the residual tumor cells were viable; Grade 1, defined as more than one third of the residual tumor cells were viable; Grade 0, no change.
Results
According to the PET scans on the 33 patients, mean maximum SUV before neoadjuvant therapy was 8.09. At the end of neoadjuvant therapy, mean maximum SUV was 4.48, but decreased to 2.58 before surgery (Figure 1) . Meanwhile, the histopathological examination revealed that ten out of 33 samples were Grade 1, 15 were Grade 2, and 8 were Grade 3. There was no significant relationship between clinical effect and histopathological findings (Table 3) .
The relationship between histopathological response and the decreased rate of the maximum SUV was significantly different between the two groups ( Figure 2 ). Mean rates of the maximum SUV at the end of neoadjuvant therapy as they related to mean rates of the maximum SUV before neoadjuvant therapy were as follows: Grade 1, 66%; Grade 2, 55%; Grade 3, 37%. Likewise, before surgery, mean rates of the maximum SUV were as follows: Grade 1, 42%; Grade 2, 27%; Grade 3, 20%.
The Relationship between Decrease Rate of the Maximum SUV and Histopathological Response
The mean decreased rate of the maximum SUV from the initial PET scans to that before surgery was 65%. Therefore, evaluation of the therapeutic effect was performed using this value (Table 4 ). The histopathological response was divided as follows: PPV: positive predictive value, NPV: negative predictive value; *: Grade 1 specimens were defined as non-responders, and Grade 2 and 3 were defined as responders.
Grade 3, pathological CR; Grade 1 and 2, pathological non-CR. At the same time, Grade 1 specimens were defined as non-responders, and Grades 2 and 3 were defined as responders. According to this definition, the sensitivity of distinguishing a pathological CR from non CR was 63%. The specificity was 44%, the accuracy was 48% and the positive predictive value (PPV) was 26%. In contrast, the sensitivity, specificity, accuracy and PPV of distinguishing responders from non-responders were 65%, 60%, 64% and 79%.
Because the sensitivity, specificity and accuracy based on the decreased rate of the maximum SUV were so poor, the absolute maximum SUV was evaluated to distinguish between pathological CR or responders. Evaluation of therapeutic effect was performed using the maximum SUV 2.0 as the boundary line (Table 5 , Figure 3 ). According to this system, the sensitivity of distinguishing between pathological CR from non-CR patients was 88%. The specificity was 56%, the accuracy was 64% and the PPV was 39%. However, the sensitivity, specificity, accuracy, and PPV of distinguishing between responders from non-responders was 74%, 90%, 79% and 94%, respectively.
Discussion
Despite many improvements in diagnosis and treatment, the 5-year survival rates after potentially curative esophagectomy rarely exceed 40% [23] . In 2007, a meta-analysis provided evidence that presented a compelling argument for neoadjuvant chemo (radio) therapy, followed by surgery, as the best strategy for ensuring long term survival. However, perioperative mortality and morbidity are high in esophageal cancer patients. Yet, some patients whose tumors show a good response to neoadjuvant therapy may be cured without undergoing surgery [24] . Therefore, it is important to establish a method that allows clinicians to predict a patient's likely response to treatment (i.e., a partial or pathologically complete responder). Although anatomical imaging procedures that include EGD, CT, MRI and EUS have been used to determine the response to therapy, up to until now, they have lacked the ability to differentiate between viable tumor cells and inflammatory reactions, edema and scar tissue. For this reason, FDG-PET is an imaging methodology with the potential to aid clinicians in predicting a patient's response to CRT. In our previous study, we reported that FDG-PET may be of value in assessing the pathological response to neoadjuvant therapy. In particular, low FDG uptake after PPV: positive predictive value, NPV: negative predictive value; *: Grade 1 specimens were defined as nonresponders, and Grade 2 and 3 were defined as responders.
(a) (b) Figure 3 . PET scan of a patient rated as having a pathological CR (Grade 3). The patient was 68 years old, male. He had a type 3 tumor in lower thoracic esophagus which was suspected to have invaded to the descending aorta. The patient underwent neoadjuvant hyperthermo-CRT using docetaxel. (a) The lesion demonstrated significant FDG uptake (arrow; the maximum SUV 9.75) and was detected prior to neoadjuvant therapy; (b) Three weeks following CRT, the FDG uptake was significantly less (arrow; the maximum SUV 1.86). The patient underwent esophagectomy a week after the second PET scan. Pathological examination of the removed specimen revealed no viable tumor cells.
therapy and a reduction in the extent of FDG uptake may provide a reliable assessment of a patient's response to therapy [25] . In this study, we assessed whether absolute maximum SUV or a decreased rate of the maximum SUV prior to CRT is a better predictor of a patients response to therapy. On the basis of our findings, the better indicator appeared to be absolute maximum SUV. In particular, absolute maximum SUV seemed to be a good predictor with the ability to distinguish responders from nonresponders, as well as a metric with the ability to predict pathological CRs. Previous studies have shown that FDG-PET is a modality with the ability predict responses to CRT. For instance, in rectal cancer, the reduction rate has been established as a good predictor of a pathological response through CRT [26] .
In breast cancer, the reduction in SUV after chemotherapy has been identified as a solid predictor of pathologic responses [27] . Moreover, in esophageal cancer, the efficacy of FDG-PET as a predictor of patient responses to CRT has also been reported [28] . However, most of these studies discussed the efficacy on the basis of a reduction in SUV. By establishing the optimal reduction rate, although pathological or clinical responder may be distinguished from non-responders, it is difficult to identify pathological complete responders. Subtotal esophagectomy for advanced esophageal cancer is an invasive operation and mortality and morbidity rates are still high [29] [30] [31] . Therefore, the ability to distinguish tumors with the potential for a complete response through CRT is of great clinical value. However, a negative aspect of definitive CRT is that the incidence of local recurrence is higher than following curative surgery. The reason for local recurrence may be that a small number of viable tumor cells remained in those tumors evaluated as clinically complete responders. To avoid local recurrence, a method with the capacity to distinguish the cases that achieved a complete pathological response by definitive CRT are certainly desirable. The potential to identify a modality with the ability to identify pathological complete responders, means that unnecessary surgeries could be avoided.
The mean maximum SUV reduction rate of 65% revealed a lower sensitivity, specificity, accuracy and PPV than those seen when examining the actual maximum SUV. The SUV of FDG-PET itself reflects glucose metabolism. Therefore, reduction rates may be a good index of pathologic responses, but not the number of apoptotic cells. To begin to evaluate the number of residual viable tumor cells, the actual value of the maximum SUV should be evaluated. However, the number of examined patients was limited. Therefore, we will continue neoadjuvant treatment and surgery, and discuss the validity of this criterion prospectively.
Conclusion
In conclusion, to identify complete or good responders of neoadjuvant CRT for esophageal cancer, the absolute maximum SUV value is a better predictor than the decreased rate of the maximum SUV. We will continue neoadjuvant treatment and confirm the validity of this criterion.
